The mouse pancreas, an immature organ at birth, reaches its adult size and morphology after weaning (3 weeks of age). Around this time, apoptotic phenomena and various types of macrophages are normally present. During development, Fas-Fas ligand (FasL) interactions are known to play a role in apoptotic events involved in tissue remodeling and elimination of damaged cells, and macrophages are routinely observed near apoptotic cells. Apoptosis and Fas-FasL interactions are also thought to be involved in the pathogenesis of autoimmune diseases, particularly type 1 diabetes (T1D). Therefore, we used early postnatal mouse pancreata from three control strains (C57BL/6, DBA/2, BALB/c) and from two strains with the nonobese diabetic (NOD)-related genetic background (the spontaneous T1D NOD model and the lymphocyte-deficient NODscid strain) to study apoptotic phenomena together with the molecular and immunohistochemical expression of proapoptosis (Fas, FasL) and antiapoptosis (Bcl-2) proteins. First, although no major difference in the numbers of total pancreatic apoptotic cells was noted among strains, significantly more FasL ϩ expression was detected immunohistochemically in mice with the NOD genetic background than in control pancreata from birth to 1 month of age. Second, FasL ϩ , Fas ϩ , and Bcl-2 ϩ structures seemed to be associated with innervation, regardless of the strain and age. Third, in control and NOD strains, nerves (identified by immunohistochemical labeling of peripherin or neurofilament 200), were often observed in periductular and peri-insular areas. Finally, some peripherin-positive nerves expressed the interferon-inducible protein-10 chemokine, and various types of macrophages were found to be in close proximity. These data highlight an overlooked, innervation-related aspect of normal mouse postnatal pancreas development with possible implications in T1D pathogenesis. (Lab Invest 2003, 83:227-239).
A poptosis and Fas-Fas ligand (Fas-FasL) interaction have been suggested to play a role in various autoimmune processes (Sakata et al, 1998; Sharma et al, 2000; Siegel et al, 2000) . Several groups used rodent models of type 1 diabetes (T1D) to investigate (1) whether insulin-producing ␤ cells of the islets of Langerhans died via apoptosis and what role ␤-cell apoptosis may have in T1D (Augstein et al, 1998; Hugues et al, 2002; Kurrer et al, 1997; O'Brien et al, 1997) and (2) whether Fas-FasL interaction was involved in their autoimmune destruction. The latter approach, in several mouse models including nonobese diabetic (NOD) lpr/lpr and transgenic mice expressing FasL on ␤ cells, seemed to give conflicting results (Benoist and Mathis, 1997; Griffith and Ferguson, 1997; Sabelko-Downes and Russell, 2000; Sakata et al, 1998; Signore et al, 1998) .
Physiologically, Fas-FasL interaction plays a role in apoptotic phenomena involved in morphogenesis and remodeling during normal development, the cycle of death and renewal, and elimination of damaged cells (Burek and Oppenheim, 1996; Granville et al, 1998; Haanen and Vermes, 1996; Kerr et al, 1972; Saikumar et al, 1999; Sakata et al, 1998; Vaux and Korsmeyer, 1999) . During morphogenesis, macrophages (M) are routinely observed in close relationship with apoptotic cells. This is particularly well documented in the nervous tissue, in which M contribute to developmental degeneration and regeneration phenomena (Bruck, 1997; Cuadros et al, 1993; Kuhlmann et al, 2001; Lang and Bishop, 1993; Moujahid et al, 1996; Perry and Brown, 1992) .
The pancreas, an immature organ at birth, reaches its adult size and morphology after weaning (3 weeks of age in rodents) (Dore et al, 1981; Finegood et al, 1995; Homo-Delarche, 2001 ). In control rats, apoptotic phenomena at the ␤-cell level, in exocrine tissue and also in ductules, have been observed during the postnatal period, leading to the suggestion that remodeling phenomena were not specific to islets (Dore et al, 1981; Petrik et al, 1998; Scaglia et al, 1997) . During normal rat pancreas development, ␤-cell death seems to be followed rapidly by a wave of islet neogenesis around weaning (Finegood et al, 1995) .
Regarding T1D, particularly the spontaneous NOD mouse model (Bach, 1994; Homo-Delarche, 1997) , it is classically thought that weaning is the period during which the first immune cells, M, and dendritic cells accumulate around pancreatic ducts and islets (Dahlen et al, 1998; Jansen et al, 1994; Rosmalen et al, 2000a Rosmalen et al, , 2000b . However, more recent data showed several abnormalities in the neonatal NOD pancreas, including more ␤-cell apoptosis (Trudeau et al, 2000) and more of some types of M and dendritic cells (Charré et al, 2002) . In addition, a constitutive defect in the clearance of apoptotic ␤ cells by NOD macrophages has been suggested to contribute to the initiation of autoimmunity (O'Brien et al, 2002) . Finally, because of the existence of common molecules expressed on ␤ cells and neurons (Homo-Delarche, 1997 ), innervation, which has been quite overlooked until now, seems to be a possible actor in the pathogenesis of the disease, in light of its marked presence, especially perinatally, in periductular and peri-islet areas (Honjin, 1956; Legg, 1968; Persson-Sjogren, 2001; Serizawa et al, 1979; Sunami et al, 2001 ). Pertinently, in this context, autoreactive T cells, which routinely target classical islet and central nervous system (CNS) antigens, have been found in diabetic patients, their relatives with high diabetic risk, NOD mice, and patients with multiple sclerosis (Winer et al, 2001a (Winer et al, , 2001b .
Taken together, these data led us to investigate, in the pancreata of various strains during the early postnatal period, the expression of proapoptotic (Fas, FasL) and antiapoptotic proteins (Bcl-2), using RT-PCR and immunohistochemistry, concomitantly with apoptotic phenomena using the TUNEL (terminal transferase-mediated dUTP nick-end labeling) assay. Pancreas innervation and its relationship with M were also studied, particularly in light of the results obtained with immunolabeling of proapoptosis and antiapoptosis molecules. To carefully evaluate events involved in normal postnatal pancreas development, we used three control strains (C57BL/6, DBA/2, BALB/ c). To gain insight into T1D pathogenesis, we also analyzed NOD and NODscid pancreata. The latter strain, devoid of functional lymphocytes, does not develop diabetes (Prochazka et al, 1992) , but shares some of the early pancreatic and endocrine abnormalities, albeit less markedly, with the NOD mouse (Charré et al, 2002; Homo-Delarche, 1997; Pelegri et al, 2001 ).
Results

Similar Total Numbers of Pancreatic Apoptotic Cells in NOD and Control Strains During the First Month of Life
Because apoptotic phenomena were not restricted to ␤ cells in control rat pancreata (Finegood et al, 1995) , we chose to count all pancreatic apoptotic cells/mm 2 of tissue section, regardless of their type. As shown in Figure 1 , numbers varied widely at 3 days of age among the various strains investigated: indeed, a significant strain difference was observed, with higher densities of apoptotic cells only in C57BL/6 pancreata, compared with DBA/2, BALB/c NOD, and NODscid pancreata (p Ͻ 0.01 in all cases, post-hoc analyses). An age effect was also found, once again only in the control C57BL/6 strain, which had significantly more apoptotic cells at 3 days than at 2 and 4 weeks of age, and at 1 week than at 4 weeks of age (p values from 0.04 to 0.003, post-hoc analyses). Therefore, unrelated to the NOD background, some strain differences in total pancreatic apoptosis can be seen at birth.
Expression of FasL, Fas, and bcl-2 Genes During Postnatal Mouse Pancreas Development
Given the paucity of data concerning the expression of these proteins during normal postnatal mouse pancreas development, we first analyzed, by RT-PCR, expression of fasL, fas, and bcl-2 genes in pancreata from control C57BL/6 and NOD and NODscid mice. Figure 2 shows mRNA expression of these molecules on Days 3 and 28 of postnatal life: FasL, Fas, and Bcl-2 transcripts were detected in pancreata (or pooled pancreata) of the three mouse strains investigated. Although mRNA for these proteins were not detected in some samples, regardless of the strain, all samples were strongly positive when actin was amplified. When detected, mRNA for all molecules seemed to be stable during the first month of life and did not differ among the three strains.
The data presented above did not allow us to define differences between NOD and control mouse strains, in terms of gene expression for these molecules, and they did not give an idea of their respective tissue distributions. Therefore, the expression of these proteins was examined by immunohistochemistry.
Numerous FasL
؉ Structures in Mice with the NOD Genetic Background but Not in Control Strains from Birth Onward
The most striking observation was the presence in NOD strains of abundant FasL ϩ structures as shown in Figure 3 . With regard to their localization, FasL ϩ structures appeared, from the earliest age investigated, to be located in subcapsular areas, in perivascular, periductular, and peri-islet areas, dispersed in the exocrine tissue, and sometimes under the peripancreatic capsula (Fig. 3, A to I) . In control strains, they were scarce but similarly located (results not shown). The morphology and localization of FasL ϩ structures Durant et al was suggestive of those associated with innervation, possibly neurons and/or their associated Schwann cells (Bechmann et al, 1999; Martin-Villalba et al, 1999; Raoul et al, 1999; Wohlleben et al, 2000) . Using C-178 anti-FasL Abs as for salivary glands (Cha et al, 2001 ), we quantified the FasL ϩ structures per square millimeter of pancreas in the various strains as a function of age (Fig. 4) . FasL ϩ structures were abundant in NOD and NODscid pancreata from birth onward as compared with the three control strains.
This strain effect was highly significant (p Ͻ 10 Ϫ6 , ANOVA). In particular, NOD mouse values were significantly higher than control strain counts at all ages (p Ͻ 10 Ϫ4 in all cases, post-hoc analyses). For NODscid mice, these values were also significantly higher than those of control strains (p Ͻ 10 Ϫ4 at 3 days and at 1 and 2 weeks of age and p Ͻ 0.04 at 4 weeks of age, post-hoc analyses). Moreover, significantly more FasL ϩ structures were observed in NOD than NODscid mice at 3 days and at 1 and 4 weeks of age (p Ͻ Detection of fasL, fas, and bcl-2 genes in neonatal and young adult mouse pancreata. Four different pancreas extracts from 3-day-old and 28-day-old NOD, NODscid, and C56BL/6 mice are shown among the eight extracts analyzed per strain/age group. At 3 days of age, each extract corresponds to a pool of three pancreata and thereafter to individual glands. Pancreas extracts were subjected to RT-PCR for detection of fasL, fas, and bcl-2 and then subjected to electrophoresis on agarose gels and identified by their expected size (bp). 
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Ϫ4 ). A significant effect of age was also found (p Ͻ 10 Ϫ4 , ANOVA). In NOD mice, FasL ϩ structures were significantly more abundant at 3 days and at 1 week of age than at 2 and 4 weeks of age (p values from 0.02 to 0.00002, post-hoc analyses). In NODscid mice, FasL also declined significantly between 3 days and 1, 2, and 4 weeks of age (p values from 0.02 to 0.00002, post-hoc analyses) and between 1 and 2 weeks versus 4 weeks of age (p ϭ 0.02 and 0.006, respectively). By contrast, FasL ϩ structures significantly increased between 2 and 4 weeks of age only in NOD mice (p ϭ 0.04).
Pancreas Innervation, a Privileged Site for Fas Expression in All Strains
The next step was to investigate the expression of the apoptotic molecule Fas in all strains as a function of age. At 3 days of age, Fas ϩ structures were observed (Fig. 5 , A to C), either scattered in the pancreas or at its periphery. They appeared to be particularly numerous perinatally in strains with the NOD genetic background. In all strains regardless of the age, these Fas ϩ structures were highly suggestive of nerves (Fig. 5, A to I) . This Fas ϩ innervation was primarily located in peri-insular, perivascular, and periductular areas.
Pancreas Innervation, Also a Privileged Site for Bcl-2 Expression in All Strains
As shown in Figure 6 , structures bearing the antiapoptotic protein Bcl-2 were also observed in the mouse pancreas during the postnatal period. At 3 days of age, in pancreata of mice with the NOD genetic background, small scattered Bcl-2 ϩ structures were present (Fig. 6, A and B) . In all strains regardless of the age, Bcl-2 ϩ structures, exhibiting the typical morphology of nerves, were present in the same locations as Fas ϩ nerve-like structures, as clearly documented in Figure 6 , C, G, and H. Finally, in 4-week-old mice with the NOD genetic background, abundant small Bcl-2 ϩ structures were again detected in periductular and perivascular areas and also scattered in the exocrine tissue and septa (Fig. 6, D and E) .
Postnatal Pancreas Innervation, a Site for M Attraction and Interferon-Inducible Protein-10 (IP-10) Positivity, Even in Control Strains
Labeling with antineurofilament 200 (NF200) Ab at 2 weeks of age in mice (Fig. 7 , A to C) identified nerves scattered throughout the exocrine tissue, seen as more or larger trunks at the ductular-vascular pole of the islets and as a thin line at their periphery. Figure 7 (D to F) shows the expression of NF200, Bcl-2, or Fas in serial sections of a 4-week-old NOD mouse pancreas. A fine NF200
ϩ network, present in close proximity to a duct and an islet ( Fig. 7D ), appeared to be partly Bcl-2 ϩ and Fas ϩ (Fig. 7 , E and F, respectively). Taking into account the role, mentioned above, of M during nervous tissue development, degeneration, and regeneration and the normal early pancreatic M infiltration at sites where innervation is also thought to be present (ie, the islet and duct periphery), we searched for the presence of M close to nerves. Figure 7 shows NF200 ϩ innervation, located in close proximity to vessels and far from islets, in a control 4-week-old C57BL/6 pancreas ( Fig. 7G ) and surrounded by numerous ER-MP23 ϩ M and a few BM8 ϩ M (Fig. 7 , H and I, respectively). The next step was to determine whether innervation expresses chemokines that could potentially attract M and lymphocytes (Bacon and Harrison, 2000; Hesselgesser and Horuk, 1999; Kieseier et al, 2000; Wang et al, 1998) . For these experiments, we used 1-week-old control mice, because the pancreas is still immature and contains high densities of various types of M (Charré et al, 2002; Homo-Delarche, 2001 ). We used antiperipherin, instead of anti-NF200, because it is a better marker of innervation during axonal development (Portier et al, 1993) . Double immunofluorescence labeling of peripherin and the chemokine IP-10 showed that large peripherin-positive nerve trunks near blood vessels were slightly IP-10 ϩ (Fig. 7 , J and M, respectively). Another example of fine peri-islet peripherin-positive innervation, also partly IP-10 positive, is seen in Figure 7 (K and N, respectively). Finally, at the same age, ER-MP23 ϩ M were observed surrounding a large peripherin-positive trunk, localized above an arteriole (Fig. 7, L and O, respectively) . It should be noted that, in Figure 7 (M and O), the arterioles (most probably their elastin) appeared strongly positive when using two different labeling techniques for unrelated markers (IP-10 and ER- Immunohistochemistry for Fas ligand (FasL) in control and NODscid pancreata during the early postnatal period. A to C, 3-day-old NOD pancreata using the C-178 Ab (A and B) or the N-20 Ab (C) (ϫ500). Note the FasL ϩ structures scattered in the exocrine tissue, in peri-insular and periductular areas, and under the peripancreatic capsula. D to F, 2-week-old (D, ϫ500) and 4-weekold (E and F, ϫ320) NOD mice. FasL ϩ structures (C-178 Ab) are still present in perivascular, periductular, and peri-insular areas or scattered in the exocrine tissue and septa. G to I, 3-day-old (G), 1-week-old (H), and 2-week-old NODscid (I) mice. FasL ϩ structures (C-178 Ab) are present in the same sites as NOD mice (ϫ320). J, 4-week-old control DBA/2 mouse (ϫ200). Note the absence of FasL ϩ structures in this field of a control pancreas, compared with age-matched NOD mice (E and F). K and L, Blockage of FasL binding (K) after overnight incubation with the peptide antigen (L) (ϫ200).
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MP23), either extravidin-FITC, which binds to biotin conjugated to the second Ab (Fig. 7M) or a second directly-labeled Ab (Fig. 7O) . These images suggest the probably nonspecific autofluorescence of these structures. Finally, similar patterns of IP-10, peripherin, and ER-MP23 labeling were obtained in 1-weekold NOD mouse pancreata (results not shown).
Discussion
The expression of proapoptotic and antiapoptotic proteins, together with apoptosis, is shown here for the first time during early postnatal pancreas development in several mouse strains (three control and two NOD-related strains). First, although no major difference in the numbers of total pancreatic apoptotic cells was noted among strains, FasL ϩ expression was significantly higher in mice with the NOD genetic background than in control pancreata from birth to 1 month of age. Second, FasL ϩ , Fas ϩ , and Bcl-2 ϩ structures seemed to be associated with innervation, regardless of the strain and age. Third, in control and NOD strains, nerves expressed the chemokine IP-10 and various types of M are present in close proximity to them. Total numbers of pancreatic apoptotic cells were low and roughly similar in all strains during the first month of life with the exception of C57BL/6 mice, which had more apoptotic cells than all other strains at 3 days of age, followed by a progressive decline from birth to 1 month of age. In all strains, these apoptotic cells were scattered throughout the pancreas and not localized to a particular pancreatic structure. These Immunohistochemistry for Fas in control and NODscid pancreata during the early postnatal period. A to C, 3-day-old NOD (A, ϫ500), NODscid (B, ϫ500), and control C57BL/6 (C, ϫ800) mouse pancreata. Note the Fas positivity in nerve-like structures localized near or around islets and ducts in all strains. D to F, 1-week-old NOD (D), NODscid (E), and DBA/2 (F) mouse pancreata (ϫ800). Fas ϩ nerve-like structures are present at the ductular pole of the islet, around the islet and acini. G to I, 4-week-old NOD (G, ϫ320), NODscid (H, ϫ500), and control C57BL/6 (I, ϫ500) mouse pancreata. Fas ϩ nerve-like structures are still present at the periphery of vessels, ducts, and islets in all strains. data are in agreement with a previous study, which showed that apoptotic cells were not only ␤ cells but also pancreatic acinar and ductal cells (Finegood et al, 1995) . However, ␤-cell apoptosis was found to peak in rats at postnatal Day 5 or between Days 10 and 14 (Hanke, 2000; Petrik et al, 1998; Scaglia et al, 1997) , whereas apoptosis has been described as increasing in NOD mice from birth onward (Trudeau et al, 2000) .
Innervation in Neonatal Mouse
Immunohistochemical studies revealed significantly higher densities of FasL ϩ structures in NOD and NODscid mice than in all control strains, in which they are present but rare. However, FasL ϩ structures were similarly located in all strains, either scattered in the exocrine tissue or, more often, concentrated in perivascular, periductular, and peri-islet areas. At birth, they could be observed clustered at the periphery of the pancreas. Few data are available on spontaneous pancreatic FasL expression in young rodents. In rat islets, FasL was detected during the first 3 days of life and disappeared thereafter (Hanke, 2000) . In young adult control and NOD mice, FasL was not observed in islet ␤ cells (Thomas et al, 1999) but was observed in surrounding ␣ cells (Signore et al, 1997) . Our observations confirm the absence of FasL expression in mouse ␤ cells under normal conditions.
The irregular labeling pattern of FasL ϩ structures in size, length, and density led us to think of innervation (Honjin, 1956; Legg, 1968) . As shown in Figure 8 , special attention was accorded long ago to the presence of a very dense nerve network in and around the islet of Langerhans (Honjin, 1956) . Since that time, neural islet-cell regulation has been studied extensively (Gilon and Henquin, 2001; Sorenson et al, 1991) , but its particular localization was overlooked until the presence of the neuroinsular complexes was recently reemphasized (Persson-Sjogren, 2001; Sunami et al, 2001) . During nervous tissue development and concomitant apoptotic phenomena, FasL is expressed on neurons and their closely associated Schwann cells, which are immunoreactive for glial fibrillary acidic protein (Bechmann et al, 1999; Martin-Villalba et al, 1999; Raoul et al, 1999; Wohlleben et al, 2000) . Schwann cells are known to surround the islets of Langerhans (Teitelman et al, 1998) , but the immunohistochemical labeling pattern of glial fibrillary acidic protein did not resemble that of FasL in our studies.
We were able to demonstrate Fas immunoreactivity in mouse pancreatic innervation, particularly in periislet and periductular localizations. Fas was not detected in rat islet ␤ cells during the postnatal period or in young adult mice, including NOD, in agreement with our data (Hanke, 2000; Signore et al, 1997; Thomas et al, 1999) . Neurons and Schwann cells can express both Fas and FasL, and this coexpression is thought Immunohistochemistry for Bcl-2 in control and NODscid pancreata during the early postnatal period. A to C, 3-day-old NOD (A, ϫ200), NODscid (B, ϫ500), and control C57BL/6 (C, ϫ500) pancreata. Note the numerous Bcl-2 ϩ structures scattered in the exocrine tissue in NOD and NODscid pancreata and the less abundant Bcl-2 nerve-like structures in control mice (C). D to F, 4-week-old NOD pancreata (ϫ200). Numerous Bcl-2 ϩ structures are scattered in the exocrine tissue and septa and at the periphery of vessels and ducts (D and E); F, a serial section of (E) is the negative control. G to I, 4-week-old control DBA/2 (G and H, ϫ200 and ϫ500, respectively) and C57BL/6 (I, ϫ200) pancreata. Rare and fine nerve-like structures are present in some but not all sections, unlike what was observed in NOD mice (D and E).
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to contribute to neuron loss during normal nervous system development (Park et al, 1998; Raoul et al, 1999; Wohlleben et al, 2000) .
As shown here, the antiapoptotic protein Bcl-2 is also linked to nervous structures in the mouse pancreas. To the best of our knowledge, pancreatic Bcl-2 expression has never been investigated in mice, but in postnatal and adult rats, it is more or less weakly expressed by duct cells (Bouwens and De Blay, 1996; Wada et al, 1997 ), a feature that we did not observe in Relationships among pancreatic innervation, macrophages (M), and chemokines. A to C, Immunohistochemistry for NF200 in 2-week-old control (A and B) and NODscid (C) pancreata. Note the fine neurofilament 200-positive (NF200 ϩ ) fibers at the islet periphery and also the large NF200 ϩ trunks in perivascular and ductular areas (ϫ500). D to F, NF200, Bcl-2, and Fas immunohistochemistry in serial sections of a 4-week-old NOD mouse pancreas. NF200 innervation is present at the duct and islet periphery (D), and part of this innervation seems to be Bcl-2 ϩ (E) or Fas ϩ (F) (ϫ500). G to I, Immunohistochemistry for NF200 (G) and M (ER-MP23 and BM8, H and I, respectively) in serial pancreas sections from a 4-week-old control C57BL/6 mouse. Note the perivascular NF200 ϩ innervation, which is surrounded by many ER-MP23 ϩ M and a few BM8 ϩ cells (ϫ320). J to O, Double immunofluorescence labeling for peripherin, another marker of innervation, and the chemokine interferon-inducible protein-10 (IP-10) or ER-MP23 ϩ M in the pancreas of a 1-week-old control C57BL/6. J and M, Double immunofluorescence labeling of peripherin (J) and IP-10 (M) (white arrows point to the structures in which peripherin and IP-10 appear to be colocalized; ϫ200). Note that peripherin-positive innervation is weakly positive for IP-10. Arterioles appear to be strongly positive because of their high autofluorescence. K and N, Double immunofluorescence for peripherin (K) and IP-10 (N) (ϫ400). Part of innervation at the periphery of the islet is also weakly IP-10 ϩ . L and O, Double immunofluorescence for peripherin (L) and ER-MP23 (O) (ϫ800). Note the large peripherin-positive nerve trunk above an arteriole, which is surrounded by ER-MP23 ϩ M. mice. Depending on the study, Bcl-2 has been shown to be expressed or not by duct cells and/or nervous constructions (Campani et al, 2001; Kobayashi et al, 2000; Miyamoto et al, 1999) . Bcl-2 is widely expressed during embryonic development of the CNS and peripheral nervous systems (PNS), and its persistence in the adult PNS is consistent with a Bcl-2 role in the regulation of neuron survival, as demonstrated in Bcl-2-deficient and transgenic mice (Farlie et al, 1995; Greenlund et al, 1995) . Postnatal apoptosis, also called "programmed cell death," particularly of sympathetic innervation, is well recognized (Burek and Oppenheim, 1996; Saikumar et al, 1999) . As mentioned above, during CNS and PNS development as well as that of the eye, neuron apoptosis is associated with the presence of M. In the normal neonatal mouse pancreas, high numbers of various types of M, including those with scavenger potential, are observed at birth and progressively diminish thereafter (Charré et al, 2002) . Almost nothing is known about what happens to innervation in a peripheral organ, such as the pancreas, which is still developing after birth. Therefore, the chemokine IP-10, which is present during normal postnatal pancreas development in innervation, might attract leukocytes for tissue remodeling.
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Apoptosis is considered to be a cell death pathway that does not involve an inflammatory response. However, in certain circumstances, apoptotic cells may induce an immune reaction that can increase the susceptibility to or even lead to the development of an autoimmune disease (Fadok et al, 2001; Marrack et al, 2001; Mevorach et al, 1998; Platt et al, 1998; Rosen and Casciola-Rosen, 2001 ). Autoimmunity could develop when M anomalies exist, such as those already documented in NOD mice, which include defective differentiation from bone marrow precursors, abnormal Fc␥RII gene expression, altered cytokine secretion, and enhanced arachidonic acid metabolism (Lety et al, 1992; Luan et al, 1996; Piganelli et al, 1998; Radosevic et al, 1999; Serreze et al, 1993) . In this context, the recently described reduced phagocytic ability of NOD M should be underlined (O'Brien et al, 2002) .
We therefore postulate that M abnormalities might disturb developmental in vivo tissue remodeling and provide a cellular microenvironment favoring organtargeted autoimmunity (Homo-Delarche, 2001 ). This hypothesis is reinforced by recent observations of the salivary gland, another target of the autoimmune reaction in NOD mice (Cha et al, 2001 ). Delayed morphologic differentiation, observed in 1-day-old salivary glands, was associated throughout the preweaning period with increased activities of matrix metalloproteinases 2 and 9. Moreover, Fas, FasL, and Bcl-2 were also more strongly expressed at birth and were localized around ducts and acini. Intriguingly, all these structures resembled nerves, which are known to be present in these exact locations (Kusakabe et al, 1997) , as are the first infiltrating antigen-presenting cells (van Blokland et al, 2000) , a finding reminiscent of our present data in the pancreas. Moreover, studies on salivary hypofunction in NOD mice showed autoantibodies and T-cell reactivity with neuron-specific reactivity (Esch and Taubman, 1998) .
Finally, some Abs found in human T1D, such as anti-GAD, anti-ICA 512, and anti-glima 38, are directed against proteins common to ␤ cells and neurons (Homo- Delarche, 1997 Delarche, , 2001 ). Furthermore, autoreactive T cells that routinely target classical islet autoantigens and CNS autoantigens also exist in T1D patients, their relatives with high diabetic risk, NOD mice, and patients with multiple sclerosis (Winer et al, 2001a (Winer et al, , 2001b . In NOD mice, more particularly, autoantibodies directed against an antigen identified as peripherin and T-cell reactivities against GAD 67 and peripherin have been observed as early as 4 to 6 weeks of age (Boitard et al, 1992; Tisch et al, 1993 ), when we also showed early leukocyte infiltration around GAD-containing (sympathetic) fibers, followed by a progressive disappearance of these fibers (Saravia-Fernandez et al, 1996) . At 4 to 8 weeks of age, NOD and NODscid mice already present paradoxical but transient hyperinsulinemia, which is preceded by perinatal and also transient ␤-cell hyperactivity . Because acute changes of glucose levels modify neural activity and the latter controls islet-cell secretion, it could be hypothesized that innervation is not a passive actor, at least in NOD mice, and already controls events at the fetal level in association with abnormal maternal glucose homeostasis and, later, during the postweaning period. Therefore, early immune events, as recently high-
Figure 8.
Innervation of an islet of Langerhans in mouse pancreas drawn by Honjin (1956) . From the large nerve trunk at one pole of the islet emerges the peri-insular plexus, the peri-insular ganglia (p.i.g.), and the "neural terminal" net in and around the islet. The neural terminal is said to be composed of nerve fibers and interstitial Cajal's cells (in black). Part of the islet has been excised to show the interior structure of the islet. c ϭ capillary, ϫ800. (From Honjin, 1956 ; courtesy of John Wiley & Sons, Inc).
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lighted (Greeley et al, 2002) , and neuroendocrine phenomena might concomitantly be at work early during the pathogenesis of autoimmune diabetes in NOD mice.
Materials and Methods
Animals
NOD, NODscid, C57BL/6, DBA/2, and BALB/c female mice were housed and bred under specific pathogenfree conditions at the animal facilities of Hôpital Necker, Paris, France, in accordance with the rules established by the European Community. By 200 days of age, the incidence of diabetes in our NOD colony is 80% for females. Regarding the immunohistochemical analysis of Fas, FasL, Bcl-2, and TUNEL, mice of various strains were killed on Day 3, 7, 14, or 28 after birth. For these experiments, 10 animals of each strain per age group were used. For RT-PCR analyses, eight additional mice of each strain per age group were killed.
RT-PCR Studies
Purification of RNA and cDNA Synthesis. Total RNA was extracted from mouse pancreata using RNAble reagent (Eurobio, Les Ulis, France) according to the manufacturer's instructions. After isopropanol precipitation, the RNA pellet was dissolved in 50 l of diethyl pyrocarbonate-treated water, and RNA concentrations were measured by OD at 260 nm. Then, 40 U of RNasin (Promega, Charbonnières, France) was added to the samples, which were stored at Ϫ80°C. Each sample corresponded to an individual animal, except for Day 3, when three pancreata were pooled. For cDNA synthesis, the reverse transcription system from Promega was used according to the manufacturer's instructions. Total mouse pancreatic RNA (2 g) was reverse transcribed in the presence of Oligo dT15 (Promega) and random hexamers in a total volume of 40 l.
Quality Control of RNA Samples. For better control of the RNA preparations and reverse transcription efficiency, we studied the expression of a housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase, using real-time PCR methodology. For this purpose, we used an ABI-prism 7700 sequence detector (PE applied, Courtaboeuf, France) with the PE applied kit. The presence of GAPDH cDNA was evaluated in each reverse-transcribed sample, according to the manufacturer's instructions. A standard curve (from 15 ϫ 10 3 to 1.5 pg of starting pancreatic total RNA, measured by OD at 260 nm) was established from one cDNA preparation. GAPDH was then measured in all samples with reference to this standard curve. Because the standard curve values did not reflect the true RNA levels present, results are expressed in arbitrary units. Samples containing Ͻ5000 arbitrary units were excluded from the study. Analysis of mRNA Expression. Fas, FasL, and Bcl-2 cDNAs sequences were amplified by PCR using specific primers, which were designed using the primer express software and the available gene sequences, and the oligomers purchased from Cybergene (Evry, France) ( Table 1 ). The volume of each reaction mixture was 25 l and contained a final concentration of 100 mM Tris-HCl (pH 8.3); 50 mM KCl; 2 mM (FasL), 1 mM (Fas), or 1.2 mM (Bcl-2); MgCl 2 ; 0.2 mM deoxynucleotide triphosphate; 0.05 M of sense and antisense primers, 2 l of undiluted cDNA; and 0.8 U of Taq platinum DNA polymerase (Life Technologies, CergyPontoise, France). Actin, used as internal standard, was also amplified from each cDNA sample. After a 5-minute initial period at 94°C, samples were amplified through 35 cycles for 50 seconds at 94°C, 1 minute at optimal annealing temperature (52°C, 58°C, or 62°C for Fas, FasL, or Bcl-2, respectively), and 1 minute at 72°C. The final elongation time was 5 minutes at 72°C. Of 25 l of total PCR volume, 16 l was subjected to electrophoresis through 2% agarose gels, which were stained with ethidium bromide, visualized with UV, and photographed. For a given age, three mouse strains, C57BL/6 (control), NOD, and NODscid, were analyzed on the same gel.
Immunohistochemistry Protocols
Samples. Mice of different strains were killed by cervical dislocation. Their pancreata were removed, embedded in OCT (Tissue-Tek, Miles, Elkart, Indiana) , and frozen in n-hexane on dry ice-chilled alcohol. Tissues were stored at Ϫ80°C until immunohistochemistry was performed. Cryostat sections (6-m thick) were prepared from central regions of the pancreas and mounted on microscope slides. Immunoperoxidase Labeling. Sections were fixed for 5 seconds in cold methanol followed by 15 seconds in acetone at room temperature. After washing in PBS (pH 7.8), endogenous biotin-like structures were blocked using an avidin-biotin blocking kit (AbCys, Paris, France). Then, sections were washed with PBS and incubated for 1 hour at room temperature with primary polyclonal Abs to Fas, FasL, or Bcl-2; characteristics of the Abs are given in Table 2 . The sections were washed with PBS and incubated for either 30 minutes (Fas) or 45 minutes (FasL and Bcl-2) with biotinylated goat anti-rabbit IgG (Dako, Trappes, France) diluted 1:100 in PBS-0.1% BSA containing 2% normal mouse serum. After washing with PBS, the sections were incubated for 45 minutes (Fas) or 30 minutes (FasL and Bcl-2) with horseradish peroxidase-conjugated avidin-biotin complex (Dako) diluted 1:100 in PBS. The sections were again washed with PBS and the labeling visualized by exposure to 0.01% (w/v) diaminobenzidine. After washing with PBS, the slides were counterstained with nuclear fast red (Fluka, L'Isle d'Abeau Chesnes, France) and mounted with Depex Faramount medium (Dako). The specificity of Fas, FasL, or Bcl-2 immunolabeling was assessed as follows: (a) omission of the primary Ab, which eliminates immunoreactivity; (b) decrease of the signal intensity as the primary Ab dilution was increased; (c) finally, blocking assay, in which each Ab was incubated overnight at 4°C, with a 20-fold excess of peptide (Santa Cruz Biotechnology, Le Perray-enYvelynes, France [FasL] , and Calbiochem, Meudon, France [Fas and Bcl-2]). After incubation, the neutralized Ab was used instead of primary Ab and, in this case, no labeling was observed.
To study innervation, a rabbit anti-bovine NF200 (diluted 1:200; Sigma) was added to the sections for 30 minutes, followed by the addition of swine antirabbit peroxidase (diluted 1:100; Dako) for 30 minutes with appropriate washes as described above. M were labeled with ER-MP23, a rat anti-mouse macrophage galactose-specific lectin, used as undiluted hybridoma-culture supernatant. ER-MP23 positivity characterizes histiocyte-type M, which are normally present, even neonatally, in pancreatic connective tissue and migrate in NOD mice to the periphery of ducts and the islets, where some of them penetrate into the latter (Charré et al, 2002; Jansen et al, 1994; Leenen et al, 1994) . BM8, a rat anti-mouse Ab (BMA Biomedicals AG, Augst, Switzerland) that identifies a 125-kDa cell-surface protein was also used, diluted 1:50 (Jansen et al, 1994; Leenen et al, 1994) . BM8 is expressed by histiocytes and M with scavenging potential. BM8 ϩ cells are normally present in neonatal control and NOD pancreata and migrate into NOD islets once lymphocytes have been recruited (Charré et al, 2002 ). BM8 and ER-MP23 binding was detected with horseradish peroxidase-conjugated rabbit anti-rat Ig (Dako) diluted 1:100.
Immunofluorescence Labeling. Pancreas sections were fixed with acetone containing 0.03% H 2 O 2 and blocked with avidin-biotin as described above. Then they were incubated for 2 hours with goat anti-mouse IP-10 (Santa Cruz Biotechnology) diluted 1:75, followed by a 1-hour incubation with a biotin-conjugated donkey anti-goat Ig Ab (Tebu, Le Perray-en-Yvelines, France) and extravidin-FITC (Sigma) (diluted 1:450 and 1:475, respectively). Thereafter, slides were incubated with rabbit anti-mouse peripherin (30 minutes at 1:50 dilution), followed by a 30-min incubation with a goat anti-rabbit Ig Ab, conjugated with TRITC (dilution 1:80; Biosys, Compiègne, France).
For double labeling of M, slides were first incubated for 1 hour with rat anti-mouse ER-MP23 supernatant and then for 30 minutes with a goat anti-rat Ig conjugated with FITC (dilution 1:200; Jackson Immunoresearch Laboratories, Inc., West Grove, Pennsylvania) followed by anti-peripherin labeling as described above.
In Situ Apoptosis Detection. Sections used for the TUNEL assay were fixed for 10 minutes in a 4% paraformaldehyde solution (pH 7.4) (Merck, Nogentsur-Marne, France) at 4°C, washed in PBS (pH 7.8), postfixed with ethanol/glacial acetic acid (2/1, v/v) at Ϫ20°C, and again washed with PBS. For positive controls, two sections were incubated at 37°C successively in DNAse buffer (10 mM Tris, 10 mM NaCl, 5 mM MgCl 2 ) for 5 minutes and in DNAse I solution (200 ng/ml; Roche Diagnostics, Meylan, France) for 15 minutes. Thereafter, all sections were incubated with 50 l of terminal deoxynucleotidyl transferase (TdT) buffer (100 mM sodium cacodylate, 1 mM cobalt chloride, 0.01 mM dithiothreitol, and 0.005% BSA) for 5 minutes at 37°C. Subsequently, 50 l of TdT solution containing 20 U of TdT (Promega), 20 M deoxynucleotide triphosphate (dNTP) (Promega), and 2 M digoxigenin-labeled dUTP (Roche Diagnostics) were added for 1 hour at 37°C. As a negative control, TdT was omitted. Then, the reaction was stopped by washing for 30 minutes at 37°C with 2ϫ SSC (Promega). Sections were sequentially washed with PBS and TNT (100 mM Tris-HCl, 150 mM NaCl, 0.05% Tween 20) and incubated with alkaline phosphataselabeled antidigoxigenin F(ab) 2 fragments (Roche Diagnostics), 1.5 U/ml in TNT supplemented with 2% FCS (AbCys) for 30 minutes at room temperature, followed by successive washes with TNT and PBS at room temperature; then sections were placed in 5-bromo-4-chloro-3-indolyl phosphate-nitroblue-tetrazolium color substrate solution (Promega) for 10 minutes at room temperature in a dark room. This reaction was stopped by washing for 10 minutes in PBS, and sections were mounted in Faramount medium.
Immunohistochemical Quantification
The surface areas of the pancreata were assessed using a VIDAS-RT image analysis system (Kontron Elektronik GmbH/Carl Zeiss, Weesp, The NetherDurant et al lands). Pancreata were encircled by hand, and then the image analyzer made measurements, expressed in pixels, using an objective magnification of ϫ2. At this magnification, 1 pixel is 0.00011955 mm 2 . The mean surface areas of the pancreas sections for the various strains were as follows: 1.5 to 3.5 mm 2 at 3 days of age, 3 to 5.1 mm 2 at 1 week of age, 4.3 to 8.7 mm 2 at 2 weeks of age, and 9.4 to 24.4 mm 2 at 4 weeks of age. The numbers of positive cells, counted by two investigators, were then expressed per square millimeter of total pancreatic surface area.
Statistical Analyses
Statistical significance for differences between cell numbers was determined by means of a two-way ANOVA followed by Newman-Keuls post-hoc analysis. The level of significance was set at p Ͻ 0.05. For FasL and TUNEL measurements, a total of 10 mice (1 section/mouse) was analyzed per age-strain combination.
